AISI 316 austenitic stainless steel was carbonitrided using rf plasma with purpose of using low-cost orthopedic implant materials in biomedical applications besides the manufacturing requests. The plasma treatment process was accomplished at low working gas pressure of 0.075 mbar in nitrogen-acetylene gaseous mixture. The plasma-processing time was fixed at 10 min while the plasma-processing power was varied from 450 to 650 watt. The effect of plasma treatment power on the structure, tribological, mechanical, electrochemical and biocompatibility of AISI 316 has been investigated. The structural results demonstrated the formation of nitrogen and carbon solid solutions, chromium nitride, iron carbide and iron nitride phases in the treated samples. The microhardness of the treated layer increases with increasing the processing power to reach a maximum value of approximately 1300 HV0.1 at 600 W which represents more than 6-folds increase in microhardness in comparison with the untreated matrix. The wear and corrosion resistance of the treated AISI 316 were enhanced compared to the untreated one. The friction coefficient was reduced from nearly 0.5 for the untreated substrate to nearly 0.3 for the carbonitrided sample. The surface energy and wettability of the carbonitrided samples were augmented as the plasma-processing power increased. Furthermore, the numbers of grown mesenchymal stem cells are higher for carbonitrided samples compared to the untreated one. The formation of nitrogen and carbon solid solution, chromium nitride, iron nitride and iron carbide hard phases after carbonitriding process is responsible for achieving good mechanical, tribological, biocompatibility and electrochemical properties for AISI 316 alloys. 
Introduction
Austenitic stainless steels (ASS) are broadly engaged in many manufacturing applications owing to their non-magnetic properties and consistent corrosion performance. Food processing, pulp and paper chemical, petrochemical as well as medical and pharmaceutical machinery are among of their applications. However, their low surface hardness and meager wear characteristics lead to inadequate tribo-mechanical properties which weaken their use in many probable applications [1] . Several previous studies have been potentially reported on the effect of plasma surface modification on improving the physical and chemical properties of austenitic stainless steel alloys such as active screen plasma [2] , plasma electrolytic nitrocarburising [3] , pulsed dc plasma [4] , radio-frequency plasma [5] [6] and atmospheric pressure plasma [7] . Amongst these, rf plasma nitriding, carburizing and carbonitriding of stainless steel alloys are still used as operative techniques owing to achieving modified layers underneath with high diffusion rate at comparatively low temperature [8] [9] . Further, nitrogen or carbon insertion into austenitic lattice at low temperature tends to form solid solution phases with exceptional properties [10] [11] [12] . The solid solution phases have been found to improve the tribo-mechanical performance while keeping their excellent resistance to acidic and alkaline corrosive media [6] [9] .
Furthermore, plasma treatment at low temperature hinders the random formation of chromium nitrides or carbides in the modified surface layer, which cause the corrosion degradation [13] .
The current study emphases on improving the tribo-mechanical, electrochemical and biocompatibility properties of AISI 316 by rf plasma. The contact angle and surface energy of the carbonitrided layers as a function of plasma-processing power were studied. Moreover, the adhesion of mesenchymal stem cells is correlated to the physiochemical and surface topography features in order to preliminary gage the biocompatibility performance. Some of these properties are the main factors controlling the in-service performance of the AISI 316 stainless steel for many industrial and bio-medical applications.
Experimental Work

Sample Preparation
In the present study, AISI 316 austenitic stainless steel was used as a substrate. It was cut into small pieces of 10 mm × 10 mm × 1 mm from 1 mm thick rolled sheet. The chemical composition of the matrix in wt% is: 0.024 C, 1.35 Mn, 16 .87 Advances in Materials Physics and Chemistry Cr, 10.05 Ni, 2.06 Mo, 0.031 P, 0.029 S and Fe balance. The specimens were ultrasonically cleaned in acetone bath for 10 min before they were inserted into the plasma reactor tube. The AISI 316 austenitic substrates were carbonitrided using radio frequency rf plasma inductively coupled working in continuous mode of operation. Details of the carbonitriding system can be found somewhere else [14] . In brief, the rf plasma system is comprised of a quartz reactor tube with length of 500 mm and a diameter of 41.5 mm and it was evacuated to a base pressure of 10 × 10 −3 mbar by a two-stage rotary pump. A gas mixture of 85% nitrogen and 15% acetylene was introduced and the gas flow rates were attuned to establish a total gas pressure of 7.5 × 10 −2 mbar as measured by a capacitance manometer. The induction copper coil was energized by a 13.65 MHz rf power generator (model HFS 2500 D) via a tunable matching network. The specimens were supported on a water-cooled copper sample holder and the water cooling rate of the substrate was adjusted to be 1300 cm 3 /min. The specimen temperature was measured during the rf plasma process by a Chromel-Alumel thermocouple, which was placed close to the surface of the sample. The specimens were treated at a fixed plasma-processing time of 10 min and for different plasma processing powers varied from 450 to 650 watts. It is important to state that, this treatment process was performed without using any external source of heating. After carbonitriding process, the specimens were allowed to cool slowly to the room temperature in the evacuated reactor plasma tube.
Sample Testing and Characterization
Different techniques have been used to test and characterize the untreated and carbonitrided AISI 316 samples. X-ray diffraction (XRD) using Philips-PW1710 diffractometer with Co K α radiation of λ = 1.78896 Å was used to characterize the phase constitution of the treated and untreated surface. The XRD scan was run between 40˚ to 100˚ with step interval of 0.02˚ and scan rate of 2˚/min. The treated samples were exposed to standard metallographic procedure including sectioning, mounting, grinding, polishing and etching. Glow discharge optical spectroscopy (GDOS) is used as a technique for studying the elemental concentration depth profiles of the carbonitrided samples. The surface and cross-section morphologies of the untreated and carbonitrided AISI 316 specimens were investigated using Olympus BX51 optical microscope.
Vickers microhardness measurements of the untreated and carbonitrided AISI 316 samples were carried out using a Leitz Durimet microhardness tester with a contact load of 100 gmf. The microhardness measurements were performed according to ASTM E384-11 standard test method at temperature of 25˚C ± 3˚C [15] . The microhardness tester has been accredited according to ISO/IEC 17025:2005 requirements. The wear measurements were performed according to ASTM G 133-10 standard test method at room temperature in air atmosphere with humidity of 35% -40% using an oscillating ball-on-disk type tribometer wear tester without lubrication. The 3 mm aluminum oxide ball moves at a mean sliding speed of 30 mm/s with a normal load of 2 N has been used. The wear track profile has been investigated using surface profilemeter. During the measurements, the track depth and the track width can be determined from the cross-sectional profile. For more accuracy, three measurements were taken in the same wear track. Taken the average of the three profile area and multiplied by the track length the wear volume loss can be calculated. During the wear measurements, the recording of the friction coefficient was continuously measured by using a force sensor. The oscillating ball-on-disk type tribometer wear tester is accredited according to ISO/IEC 17025:2005 requirements. The surface roughness of the investigated samples was performed using a Form Talysurf 50 surface profilemeter which has been accredited according to ISO/IEC 17025:2005 requirements. The Electrochemical experiments were performed in Ringer's solution by Gill AC instrument using potentiodynamic technique at temperature of 25˚C ± 3˚C and humidity of 38% ± 5%. The effective area of samples exposed to corrosive solution was fixed at 0.36 cm 2 . The corrosion test was performed using three-electrodes; silver-silver chloride saturated electrode as a reference electrode, platinum as a counter electrode and the investigated sample as a working electrode. Before immersing into the solution, the treated and untreated specimens were ultrasonically cleaned in acetone. The potential-current corrosion curve is recorded and plotted with potential scan rate of 1 mV/s using ACM program version 5. The water contact angle measurement, at room temperature, was performed using Phoenix 300 (Contact Angle Analyzer manufactured by SEO Co. Ltd). The Phoenix 300 utilized with a precision camera and an advanced PC technology to capture the static droplet image and calculate the contact angle measurement by Sessile Drop Method. The biocompatibility performance for the untreated and carbonitrided AISI 316 specimens was preliminary evaluated via examining the adhesion of mesenchymal stem cells (was taken from Wharton's jelly of the human umbilical cord). Before initiating the biocompatibility test, the specimens were cleaned by alcohol 70% and sterilized in autoclave (KGemmyFA-260MA) for 40 minutes. The investigated specimens were inserted into 24 well plat at appropriate concentration of 100000 cells/well. The mesenchymal stem cells were cultured in a culture flasks using RPMI and DEEM Medium supplemented with 10% fetal bovine serum and incubated at 37˚C and 5% CO 2 under humidified conditions. After 48 hrs, the specimens were washed and the cells fixed by 4% paraformaldehyde. The specimens were stained with Acridine Orange fluorescent [16] to demonstrate the cells adhesion on the surface. The surface of the specimen was investigated by fluorescent microscope [17] . Figure 1 shows the correlation between the temperature of the treatment and the plasma power input. It has been detected that the temperature of the treatment increases as the plasma-processing power increases. As previously reported, the surface treatment by rf plasma permits fast temperature steadiness
Results and Discussion
Temperature of the Treatment
and good plasma stability. A maximum of two minutes from the beginning of the process is completely enough to attain stabilized plasma and working temperature [18] . This is attributed to the good controlling in the plasma system and small size of the reactor tube (4 cm diameter) in which high plasma density is created. It has been recognized for the same rf plasma system that, the plasma power controls the electron temperature and plasma ion density which have significant influence on the temperature of the treatment and the nature of chemical reactions between plasma species and the surface of the immersed substrate [18] . Therefore, it is more convenient to consider the treatment temperature as an effective treatment parameter in discussing the current presented results. at plasma-processing powers of 550 and 650 W. This figure illustrate that the compound layer of the tow samples have homogeneous band of nearly uniform thickness and sharp edge with the bulk matrix. Moreover, one can observe from the figure that the compound layer comprises of two sub-layers, the first one on the top of the compound layer which can be endorsed to the formation of CN amorphous layer and is previously reported by Abd El-Rahman [19] . The second one is devoted for the formation of crystalline carbonitrided and nitrided austenitic stainless phases. Figure 3 (a) and Figure 3(b) show the nitrogen and carbon depth profiles for the samples that were carbonitrided at plasma-processing powers of 550 and 600 W. one can observe from Figure 3 (a) that the nitrogen concentration decreases significantly in the first five micrometers on the top layer. Afterward, the nitrogen establishes saturation concentration region up to nearly 20 micrometers, then it sharply decreases. For carbon concentration depth profile as shown in Figure 3 (b) one can clearly detect that, the carbon is very high on the top layer and it decreases sharply as the depth of the compound layer increases. The carbon increases again at the end of the carbonitrided layer then it decreases towards the bulk of the specimen.
Elemental Depth Profile and Carbonitriding Rate
At the inauguration of the carbonitriding process, carbon diffusion in austenitic steel is faster than nitrogen diffusion. The nitrogen species start to form a nitrided layer, which pushes the carbon species toward the untreated part. The nitrided layer is continuously growing through the diffusion of highly active nitrogen species until forming nitrogen supper-saturation region which block the inward diffusion of carbon and nitrogen species. Afterward, the near surface region of the carbonitrided layer becomes supersaturated with carbon and nitrogen. The supersaturated surface defeats the diffusion process of nitrogen/carbon species into the surface. This promotes the deposition of an amorphous carbide or carbonitride/crystalline structure and leads to high concentration of nitrogen and carbon in the top layer compared to that investigated underneath [19] [20] . . These surface micro-defects work as effective channels in addition to natural diffusion path through the grain boundaries for diffusing nitrogen and carbon into deeper bulk substrate [22] . The variation in reactive plasma species concentration close to the sample surface with varying plasma processing powers is considered as a further contributing factor for enhancing the diffusion process [22] [23]. These parameters are frequently responsible for forming thicker carbonitrided layers and higher growth rates. After convinced period and power of plasma process, the inward carbonitrided species might block the formerly formed porous and microcracks in the treated layer. Consequently, the diffusion of the carbonitrided species will be increased with low rate or steady state. Figure 5 shows the phase configuration of the untreated and carbonitrided AISI 316 samples as characterized by XRD analysis. The XRD spectra of the untreated substrate confirms the presence of austenitic phases, while the spectra of the carbonitrided substrate designate the existence of chemical compounds of FeC, Firstly, the diffusivity of substitution atoms increases as the treatment temperature increases. Secondly, the nitrogen solid solution γ N is a meta-stable phase and can decompose to create CrN when the temperature is higher than 500˚C [26] [27]. It is observed that, nitrogen expanded austenite has higher peak shift of about 5% compared with that of carbon expanded austenite which was about 1% [26] . This leads to higher stress formation for nitrogen expanded austenite compared to that of carbon. The present results show a lattice expansion values along (111) and (200) with about 200% larger than for the (220) direction. The low stress in the (220) direction reduces the lattice expansion in the (220) direction with respect to other planes. This lattice distortion is mostly ascribed to the sliding effects in the fcc structure which causes an inhomogeneous distribution of internal stress along the crystallite planes [11] . Advances in Materials Physics and Chemistry 
Microstructure Analysis
Mechanical and Tribological Properties
Surface Roughness and Wettability
It is well known that, some of physical surface properties such as surface hardness [31] , friction coefficient [32] and surface wettability [33] can be affected by surface topography and the chemical stoichiometry of the grown structure in the treated surface. The Ra parameter describes the surface roughness and is defined as the mean height of peaks and valleys grown on the surface. Figure 10 shows the Ra for the untreated and carbonitrided AISI 316 as a function of plasma power input. The Ra is observed to be gradually increased from a value of 0.15 µm for the untreated substrate to a value of 0.26 µm for the carbonitrided samples at 650 W. The change in surface topography for the carbonitrided substrate in comparison with the untreated AISI 316 could be attributed to the change in surface chemical composition by forming nitrided, carbonitrided and solid solution phases in the surface. Moreover, the increase in the treatment temperature with increasing processing power will result in increasing the trembling motion of atoms in the AISI 316 matrix; making them more defenseless for spitting by the ions in the presence of self-bias potential. Further, the increase in plasma-processing power leads to increase the plasma species energy and plasma ion density which in turn increases the surface irregularities and topography during plasma surface interactions [34] . The wettability and surface energy plays significant roles in affecting the surface properties and biocompatibility features of different materials for various industrial and biomedical applications [35] [36] . They have found to be important for the investigation of protein adsorption and cellular adhesion on biomaterial surfaces [37] . The wettability can be evaluated using contact angle technique, which is based on Sessile Drop Method. Low contact angle means high wettability and high surface energy and vice versa [38] . Figure 11 shows the surface energy and contact angle for the untreated and carbonitrided AISI 316 samples at different plasma-processing powers. One can observe from the figure that the surface energy increases as the plasma-processing power increases up to 600 W to reach a value of 70 mN/m; indicating a hydrophilicity increment. After that it decreases to reach a value of 60 mN/m for power of 650 W; indicating a hydrophilicity reduction. The current behavior of surface energy is in a good correlation with the surface microhardness trend. There are numerous reports demonstrated that the surface energy increases with increasing the surface microhardness [9] [39] . The formation of Fe 4 N, γ N , γ C and CrN hard phases increases the surface strengthening and consequently increases the surface energy.
It can be witnessed from the figure that the water contact angle of all untreated and treated surfaces is less than 90˚, indicating a hydrophilicity feature. However, the lower values of water contact angle for all carbonitrided samples compared to that of the untreated one leads to high wettability and more hydrophilicity performance. These kinds of surfaces are favorable for good cells adhesion and proliferation rate.
The surface wettability can be correlated with the surface topography and surface roughness besides to the surface chemical composition. The increase in Ra value with increasing plasma power will result in increasing the surface wettability. Moreover, The Rp/Rz (surface roughness parameters) is important ratio in describing the existence of sharp irregularities on the top surface. Rp parameter is obtained from mean peak height in relation to the central line in five consecutive readings. Rz is calculated by the sum of maximum peak heights (Rp) and maximum valley depths (Rv) in sampling length. For Rp/Rz ratio greater than 0.5, the surface shape shows sharp peaks whereas value lower than 0.5 in-Advances in Materials Physics and Chemistry dicates a surface with rounded peaks. Rounded peaks are favor to spread out the liquid over the surface. Table 1 illustrates the Rp/Rz ratio for all carbonitrided samples which exhibited rounded peaks. Accordingly, plasma carbonitriding can be considered as an effective surface treatment technique used for changing surface chemistry, topography and in turn varying the surface wettability. Figure 12 displays the open circuit potential (OCP) versus immersion time for the untreated and carbonitrided samples in a corrosive medium of ringer's solution at room temperature. The typical value of the corrosion potential can be determined from potentiodynamic polarization tests. As shown in the figure, the open circuit potential for the untreated sample reaches a steady potential around −125 ± −5 mV after few tens of seconds immersed in ranger's solution. This indicates a fast disintegration of a thin passive film (oxide layers) which forms naturally on the austenitic surface [40] . After plasma carbonitriding, this thin oxide layer is partly removed in which C and N atoms diffuses in the surface of the substrate. At the end of the diffusion process, the cortical zone of the metal is sufficiently rich in C and N to form with the base material a thin layer of amorphous carbides. This layer makes the steel less oxide-sable, leading to a nobilitation of the potential and a lower tendency to passivation in air [41] . Therefore, the treated samples can be corroded at higher potential and exhibit lower corrosion rate. The higher positive values of corrosion potential are due to the formation of a strong dense carbonitriding passive layer consists of nitrogen and carbon solid solutions [26] .
Corrosion Performance
Potentiodynamic polarization curve expresses anodic and cathodic polarization reactions that can take place on the immersed surface. Figure 13 shows the potentiodynamic polarization curves of the untreated and carbonitrided AISI 316 in ranger's solution. Moreover, the corrosion potential and current for all examined samples are shown in Table 2 . The measured corrosion potentials for all carbonitrided AISI 316 are observed to be shifted to more positive values than the untreated. This behavior demonstrated that, the carbonitrided layer needs more energy to start the corrosion reaction [27] . The sample treated at processing power of 450 W shows a lower corrosion current compared to that of all other carbonitrided samples due to absence of CrN precipitation. The relatively higher corrosion current and low corrosion resistance that observed for the sample treated at 650 W is ascribed to the randomly precipitating of CrN on the grain boundaries [42] [43] . On the other side, the increase of the current density in the anodic part is observed for most treated samples. This is might be due to the increase in surface roughness of the treated samples as a function of processing temperature [44] . It has been previously reported that the nitrogen and carbon has a beneficial effecting in improving the corrosion potential [45] [46] . Further, the solid solution γ C and γ N phases have more passivity than the austenite phase [26] [47] . The variation in the corrosion behavior can be ascribed to the difference in the microstructure of the carbonitrided layer formed at different treat-Advances in Materials Physics and Chemistry ment temperatures. Furthermore, there is no pitting corrosion observed for all investigated samples which indicate good surface ability to form strong passive layer.
Biocompatibility
The purpose of growing the mesenchymal stem cells on untreated and carbonitrided 316 AISI substrates is considered for preliminary evaluating the biocompatibility performance. Figure 14 shows the growing of mesenchymal stem cells on the untreated and carbonitrided 316 AISI samples at different plasma-processing powers. It is generally accepted that, cells adhere on surface mainly via adsorbed proteins, e.g. fibronectin and vitronectin [48] . These proteins are formed by the cells as part of their own extra cellular matrix [49] . It is worth mentioning to observe that, the number of grown cells is higher on the carbonitrided substrates compared to that of the untreated one. Further, the number of grown cells increases with increasing the rf plasma-processing power. This is attributed to the increase in surface wettability, surface roughness and to the change in the structural behavior of the carbonitrided layer as a function of processing power which in turn affects the cell adhesion and cell spreading [50] [51]. The rougher surface exhibits higher number of cell adhesion which is correlated well with other previous work [52] . 2) The tribological performance of the carbonitrided layer has been improved with a significant decrease in the friction coefficient and increase in the wear resistance. The contact angle of the modified surface, and thus the wettability can be controlled through controlling the plasma-processing power. The corrosion resistance is improved after carbonitrding of AISI 316 sample at lowest power of 450 W.
Conclusions
3) The biocompatibility performance is improved after plasma carbonitriding process and is demonstrated by increasing the number of grown mesenchymal stem cells for carbonitrided substrates compared to that of the untreated AISI 316. 4) From the present study, it has been concluded that the rf plasma carbonitriding is effectively improving the physical and chemical properties and enhancing the biocompatibility performance of AISI 316 austenitic stainless steel.
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